The behavior of a single biological cell in a rotating electric field is investigated both theoretically and experimentally. The torque acting on the cell is calculated. The dependence of the torque on electric cell properties (the dielectric constants, the conductivities, and the surface charges of the cell components) and the field frequency is discussed. The dependence of the rotation velocity on the field frequency shows a typical resonance behavior. It is discussed in which manner the single rotation extrema are related to the different homogeneous cell compartments (cytoplasm, cell membrane, and cell wall). It is shown that the cell surface charge shifts the resonance frequency and influences the absolute value of rotation velocity.
INTRODUCTION
Any body being different from external medium by its dielectric constant and/or its conductivity acquires an electric dipole moment if it is placed in an external electric field. The polarization of the body proceeds with a finite rate so that the dipole moment reaches its maximal value with some time delay after switching on the field. Due to this delay in case of a rotating field the direction of the induced dipole does not coincide with the field direction. Thus, the torque acting on the body arises. This effect, leading to the rotation of the body, was already investigated by Heydweiller (1897) , Lampa (1906) , Born (1920) , and Lertes (1921) . The inverse effect was described by Hertz (1880) , who has predicted that a rotating sphere should be braked by an electrostatic field.
It was shown previously (Arnold and Zimmermann, 1982; Pohl and Braden, 1982; Glaser et al., 1983; Pohl, 1983 ) that single biological cells rotate continuously under the influence of the rotating electric field. This effect may be used as a method for determination of electric properties of cell wall and cell membrane. The functional dependence of the cell rotation on the applied field frequency shows a typical resonance behavior. Whereas in the earlier works (Mischel and Pohl, 1983; Hagedorn and Fuhr, 1984; Fuhr et al., 1985) simple models (homogeneous spheres or spheres with a single outer layer) were used, biological cells in most cases are multilayer systems (for example yeast cells-two layer systems, plant protoplasts with vacuolethree layer systems, and plant cells with large vacuole and cell wall-four layer systems). Moreover, the cells are usually charged. Therefore, we want to discuss the more complicated case of multilayer and charged bodies here.
MATERIAL AND METHODS

Measuring Setup
The experimental setup was essentially the same as already described by Arnold and Zimmermann (1982) . The rotation of cells was measured in a four-electrode system that employed sinusoidal voltages with variable amplitudes in the frequency range of 100 Hz up to 3 MHz in four phases, spaced by 900 and controlled by an oscilloscope. Four electrodes (platinum or stainless steel) form the walls of the square chamber fixed on a microscope coverslip. The electrode distance varied between 2 and 6 mm in different experiments. Microscopic observations were made by a normal objective (8 x ).
For rotation measurement the plant cells were fixed between two layers of solutions different in density (0.2 M metrizamid and 0.2 M mannitol). The conductivity of the solution was adjusted with KCI, the field strength ranged from 0.5 x 103 to 5 x 103 V/m (see also Glaser et al., 1983 , Fuhr et al., 1984 . The cell rotation speed was determined after reaching its stationary level.
Cell Preparation
As object we used Beta vulgaris suspension-cultured cells. The cells were cultivated in an air-lift fermentor. Parameters like the cell growth, the concentration of different medium substances, the pH, and others were recorded automatically and allowed to characterize the cells. Cells were cultivated in a medium modified after Murashige and Skoog (1962) for 14 d. Small aggregates (4-10 cells) were mechanically and/or encymatically (pectinase) divided in single cells. For the experiments we selected cells with small vacuoles and a large cytoplasm part.
THEORETICAL AND EXPERIMENTAL RESULTS
Influence of Multilayers on the Rotational Behavior (Torque and the Characteristic Frequencies) of Cells
As model for multilayered cells we used spheres as shown in Fig. 1 . These spheres are two-shell systems consisting of three dielectrics; the first dielectric is the cytoplasm, the second dielectric and the first shell is the membrane, and the third dielectric and the second shell is the cell wall. This model describes the used suspension cultured cells. The detailed calculation of the rotational behavior of such bodies is given in the Appendix. Concerning the torque of an object in a rotating electric field, each homogeneous component of the object can be described by its conductivity and dielectric constant. From the calculation follows that a sphere with only one shell has two resonance frequencies. Each additional layer produces a further extremum: in case of a body surrounded by two shells, three characteristic frequencies w01, Wo2 and wo3 should be expected (see Appendix)
Here the quantities K1, K2, and K3 are combinations of all material constants whose absolute sizes determine the amount of the torque (N) at the different characteristic frequencies co0,, o2, and Wo3. -= 8.85 x 10-12 F/m, (e is the dielectric constant of the external solution, Re is the cell radius, Eo the external field strength, and w is the angular frequency of the field. For multilayered spheres the torque is
where s is the number of cell dielectrics. In first approximation, plant cells with small vacuoles and large cytoplasm part and cell wall can be described as two-shell spheres. Therefore, we restricted ourselves to discuss this case as an example in a more detailed manner.
Whereas the amount of the torque depends on all material constants in a complicated manner, the expression for the characteristic frequencies and the torque can be specified and simplified for evident biological cases. In general we used biological cells whose membrane thickness and wall thickness are small in comparison with its radius. Furthermore we can suppose that we know roughly the dielectric constants of the object and also the internal conductivity (cytoplasm). Additionally we demand the external conductivity to be low in comparison with the internal one. For the calculation of the curve (Fig. 2) we have chosen the set of parameters in Table I .
Whereas slight changes of the dielectric constants up to 15% do not influence the frequency course of the torque visible, an increase of the cell wall conductivity shifts 0, respectively,f., = wo,1/2r in a strong manner toward higher values ( Fig. 6 ). As shown in Fig. 2 , changes of the membrane conductivity act in the same direction and cannot be distinguished from the former one. This discrimination would only be possible if the torque extrema at w0, and w03 were not superimposed as they are in Fig. 3 . To demonstrate the occurrence of three extrema we have chosen a more artificial set of parameters for the calculation of the curve ( ) in Fig where X is the viscosity of the external medium.
According to Eq. 1, one finds w, -E' in good agreement with the experimental findings (Fig. 4 ). The rotation (R *) of a Beta vulgaris cell in dependence on the applied field frequency is given in Fig. 5 . To eliminate the influence of the field strength we use the quantity R* -wE (see Glaser et al., 1983) . The circles in Fig. 5 represent measured values.
Finally we have measured the influence of the external conductivity on the characteristic frequency (f01). As can be seen, an increasing external conductivity shifts f01
toward higher values (Fig. 6 , measured points are marked by circles). The curve in the upper part is calculated for a cell whose cell wall conductivity was assumed to be constant (Gw = 1 S/m), the other curves for a cell wall conductivity of GC = 10-'; 5 x 10-2 and 10-2 S/m. It seems that the real cell wall conductivity lies between 1 and 10-' S/m. If one considered the cell wall conductivity as a function of the external one (see Donath, 1983) it would be possible to calculate the frequency course of the torque, provided the exact value of the membrane conductivity is known.
Influence of Surface Charge
To study the influence of a surface charge on the rotational behavior of the cell, the simplest model was chosen (see Fig. 7 ). The zones i and e correspond to the internal and the external electrolyte solutions, the zone m is the cell shell (membrane). Near the charged cell surface a diffuse layer of counterion surplus exists that compensates the surface charge. Although the concentration of coions in this layer is lowered, the total concentration of ions in the diffuse double layer is higher than that in the bulk of the electro- (4) Rel = KI/(r Ge).
According to this equation a high external conductivity (Ge) reduces the possible influence of a surface charge. For biological objects the quantity Rel ranges from 0 to 0.3 (Dukhin, 1977) .
The calculation of the torque (N) in this case is similar to that in the previous section (see Appendix); some simplifications connected with the absence of one layer are evident. Only the boundary condition for the complex dielectric displacement on the outer surface changes essentially. Now it assumes the form 
Here divs is the surface divergency and e are complex dielectric constants. This condition results from the charge balance analysis on the outer cell surface.
In the assumed case the general form of the torque (N)
where For sufficiently large cells (r > 3 ,um) in water electrolyte solutions this condition is always valid.
Thus, we can take into consideration the increasing conductivity (Kj) that connects the surface density of electric current (Is) and the electric field strength (E,) I, = Ks Et.
The coefficient K, depends on the external electrolyte concentration and the surface charge density (Dukhin, 1977) . Then the surface charge of the object can be considered by a dimensionless parameter (Rel) (Dukhin, 1977) . In dependence on the field frequency the function shows two extrema at wo0 and Wo2 (Fig. 8) . For further simplification we assume that the conductivity of the shell (e.g., the conductivity of the cell membrane) is lower than Io-7 S/m and can be neglected. In this case one gets
In our experiments the condition Gi >> Ge is valid. Therefore the surface charge, represented by the quantity (Rel), shifts only wo1 toward higher frequencies. On the other hand, an increasing surface charge decreases the torque and in this way also the cell angular velocity in the range of w0l. In Fig. 8 the dependency of the torque (N) (according to Eq. 8) on the surface charge and on the field frequency is represented. Using realistic values for the surface charge (O < Rel c 0.3) a maximal frequency shift of -30% should be observable. Whereas this effect up to now has not been investigated experimentally, there is no doubt concerning the existence of two extrema (Fuhr et al., 1985) .
DISCUSSION
Both theoretical and experimental investigations show that the field-influenced rotation of biological cells is a complicated process. For the calculations, we consider the cell to be objects with homogeneous components (e.g., cytoplasm, cell membrane, and cell wall). As simplest model-but not suited for biological cells-one could use homogeneous spheres (Arnold and Zimmermann, 1982; Mischel and Pohl, 1983; Jones, 1984) . behavior of the body in an electric field would show one extremum, dependent on the exciting field frequency. For a maximal amount of the angular velocity (w,) one could calculate an expression that depends on the electric properties of the sphere as well as on the external medium (conductivity and dielectric constant). When considering spheres with additional outer layers, as necessary for biological objects, each layer will produce an additional characteristic frequency. As each single characteristic frequency depends on all electric properties of the object it is not possible to define the properties of one single cell component from the characteristic frequencies. On the other hand, there are special cases in which one single parameter becomes dominant. Especially in the case of cells wo0 is mainly determined by the membrane conductivity and that of the cell wall. For this reason measurements of col can be used to clarify the conductivities of these cell components. As shown theoretically and experimentally, an increasing cell membrane conductivity shifts w0o toward higher values (Fuhr et al., 1985) . On the other hand, an increasing of the surface charge acts in the same direction as an increase of the external conductivity; therefore, the external conductivity must be constant in all experiments. It is shown that realistic values for surface charges can affect the characteristic frequency (wo) by maximally 30%. Summarizing, it can be stated that: (a) The absolute amount of the angular velocity is a quantity that depends on all electric properties of the cell in a complicated manner. Therefore, for multilayered objects it is difficult to relate the angular velocity to the conductivity or dielectric constant of a single cell component. (b) The characteristic frequencies, too, are described by expressions that contain all conductivities and dielectric constants of the object. But there are special cases in which one or two parameters become dominant. Especially in the case of biological objects (protoplasts, single plant or animal cells) the angular velocity of the cell can be used to determine the conductivities of cell envelopes-provided one determines the conductivity of the cytoplasm and/or inner space and that of the external solution. The calculations show that in the frequency range up to 1 MHz (the range of the first resonance) the cell rotation in a sensitive manner depends on the conductivities, whereas the dielectric constants play a subordinate role. (c) Surface charges act in the same direction as an increasing of the external conductivity: high values shift the characteristic frequency (wol) toward higher values and decrease the angular velocity. (d) The measurement of the rotational behavior of cells allows the determination of cell membrane and cell wall properties without destruction of the cell and is therefore a usable supplement to other methods. 
Here e = 8.8543 x 10-12 F/m is the dielectric constant; e is a relative dielectric constant of the medium. Therefore, to calculate (N) one needs the electric field distribution outside the cell.
Since the external field effecting on the cell changes with the time harmonically, it is convenient to use the complex approach, writing the complex electric potential in the form p(r, t) = sp(r) exp (jwt);
(j2 = -1).
Here w is the external field frequency, so(r) is the complex amplitude of the potential.
The vector (E) in Eq. A2 is the negated real part of the gradient of the complex potential (a):
The model of the cell used for the calculations is shown in Fig. 1 . We shall supply the corresponding subscript (i, m, w, or e) to any electric quantity in each zone represented in Fig. 1 
where (k = -jIGkIoW is the complex relative dielectric constant (here ek and Gk are the dielectric constant and the conductivity of the corresponding zone, respectively).
Far from the cell the electric field is uniform sp,~-Er
where E0 = Ej(e, -jej) is the rotating field amplitude (ex and e7 are the unit vectors of the axes x and y), Eo is the absolute value of the real rotating field. We seek the solution to the problem (Eqs. A5-A8) in the form of functions satisfying Eq. A4 in each of the zones in Fig. 1 (n, p = 1, 2, 3).
Substituting the expression for M from Eq. A1O into the formula for Eq. A9 and using Eq. A4, we obtain the real field strength (E) outside the cell. Then from Eqs. Al and A2 we get the final expression for the torque N =-E! Imx.
(A12)
Here Im means the imaginary part, N is the torque projection to the axis that is perpendicular to the plane of the field rotation: if N > 0, then the rotation direction of the cell and the field coincide. Eq. A12 may be presented in the form N = 4eofEeR3 Eo E (Ks (1 + (W/I0)2)) (A1 3)
where the coefficients K,, K2, K3 and the characteristic frequencies w0,, Wo2, "Wo3 depend on all the parameters Ek, Gk and the geometric dimensions of the cell. The corresponding expressions are voluminous, and for that reason they are omitted here.
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